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Abstract 
The OPERA detector searches for neutrino oscillation in appearance mode by combining the high spatial resolution 
of nuclear emulsions and the features of scintillating fibers, RPC’s and drift-tube spectrometers to unambiguously 
detect ȞĲ CC interactions in the Ȟȝ CNGS beam. Nuclear emulsions allow the use of topology analysis to tag ȞĲ decays. 
Electronic detectors allow detailed kinematical analysis to complement the topological signature and increase the 
signal to background ratio. The article reviews the performance of each subdetector used alone, then shows how all 
the subsystems interplay to locate and study each event in the modular target. The analysis of the first ȞĲ candidate 
found by the OPERA Collaboration is summarized and two examples are shown of how charm production and decay 
events are distinguished from ȞĲ CC. 
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1. Introduction 
The OPERA Collaboration aims at detecting neutrino oscillation through the appearance of ȞĲ in a Ȟȝ 
beam produced at CERN (CNGS) with <E> = 17 GeV and directed towards the underground LNGS 
laboratory, 730 km away, where the detector is located. With 22.5×1019 protons on target, the expected 
number of Ȟȝ CC+NC interactions is 23600, with a contamination of 0.87% from Ȟe and Ȟ¯e CC and 2.1%  
Ȟ¯ȝ CC and a negligible contribution from ȞĲ prompt. With oscillations occurring at ǻm2=2.5×10-3eV2 and 
assuming full mixing, the expected number of ȞĲ CC interactions is 115, out of which OPERA expects to 
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detect 10 unambiguously with 0.7 background events. The experimental technique to discriminate ȞĲ CC 
interactions from the bulk of Ȟȝ CC/NC interactions exploits the topological features of the event tracks. 
The Ĳ lepton produced is a short-lived particle with cĲ = 87 ȝm; the decay shows a typical signature with 
an odd number of prongs (Fig. 1). The short flight length of the Ĳ at the CNGS beam energies poses strict 
requirements on the kind of detector to be used for tracking in the 
vertex region.  
 
 
 
 
 
 
 
 
Fig. 1. (left) Ĳ lepton decay topologies. (right) Ĳ decay detection principle in OPERA. 
The OPERA apparatus ([1],[2]) is a hybrid detector because it combines nuclear emulsions and 
electronic detectors ([3]). The former offer the highest spatial resolution currently attainable, but have no 
time trigger, recording the whole history of their exposure to ionizing radiation; the latter provide event 
time-stamping and reduced background due to time window selection. The two families of detectors are  
complementary, as well as the information that is extracted from data. In a neutrino detector, the large 
mass needed spans a large volume, and there is no cost-effective alternative to emulsions to instrument 
large volumes with a precision tracking device to study the primary vertex region. On the other hand, 
emulsion film readout is a time-consuming activity, even with the powerful automated microscopes that 
are currently used, and pays back with high-quality data when the volume density of information is high. 
Electronic detectors can be easily used to span large volumes with a relatively coarse resolution. 
2. Structure of the OPERA detector 
The stream of neutrinos from the CNGS beam meets the OPERA detector almost orthogonally, with an 
average upwards angle of 59 mrad, due to the curvature of the Earth. The first part of the detector crossed 
by the CNGS neutrinos is the veto system; then, two identical macro-assemblies, named “supermodules”, 
follow, one after the other in the beam line (see Fig. 4). Each supermodule consists of an instrumented 
target followed by a dipole magnetized iron core spectrometer. 
2.1. The veto system 
The purpose of the veto system is to tag charged particles entering the OPERA detector from the 
direction of the beam. These are mostly muons produced in Ȟȝ CC interactions in the rock before Hall C in 
the LNGS and in the detector of the Borexino experiment, which precedes OPERA in the beam line. The 
veto system consists of a double layer of glass RPC (total surface about 100 m2), operated in streamer 
mode, with an efficiency about 97%. 
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Fig. 2 The OPERA detector. 
2.2. The target 
OPERA features a modular target, made of units called “bricks”. A brick is a stack of 56 Pb plates (1 
mm thick) interleaved with emulsion films. The latter are transparent plastic bases (205 ȝm thick) coated 
on both sides with nuclear emulsion layers (44 ȝm each), made of AgBr crystals interspersed in a gel 
matrix. Most neutrino interactions occur in the lead plates, and tracking near the primary vertices is 
possible because of the fine spacing of emulsion films. Charged particles traversing the nuclear emulsion 
medium leave a latent image of sensitized sites; on development, the sites act as crystallization nuclei for 
metallic Ag, and the particle paths are recorded as sequences of aligned grains. Optical measurements 
yield alignment residuals of 50 nm. The dimensions of plates and films are 12.5 cm×10 cm; a brick is 7.5 
cm long (10 X0) in the neutrino beam direction: it is possible to have information about electromagnetic 
processes occurring within each single brick, provided Ȗ conversion points are not too close to the sides; 
otherwise, the neighboring bricks can be included in the study.  
Bricks extracted from the detector to be studied are dismantled and emulsion films are developed; 
dismantled bricks are not replaced. Even not taking into account the time and manpower needed to locate 
a neutrino interaction, it must be considered that the OPERA target is depleted during data-taking, hence 
the location of the primary interaction point must be efficient. Each brick is complemented with a doublet 
of emulsion films (Changeable Sheets, shortened as CS) tightly packed in a box attached to its 
downstream face. The purpose of the doublet is to interface target bricks to the electronic target tracker, 
speeding up event location and making event study easier ([4], [5]). Bricks are laid out in “walls”(56×52 
bricks). Each supermodule contains 27 walls. The mechanical structure supporting the walls accounts for 
0.5% of the total target mass.  
Emulsion films are read by modern automated optical microscopes, which provide 3D track 
information by optical tomography through the depth of the emulsion films. Two such systems have been 
developed independently in Europe and Japan, respectively named ESS (European Scanning System) [6] 
and S-UTS (Super Ultra Track Selector) [7] with different approaches; the former uses commercial 
components and algorithms implemented in software, the latter uses custom-made hardware with 
embedded purpose-specific logic. CS doublets are analyzed in two specific facilities, at a total speed 
exceeding 200 cm2/h/facility (1 GB/s of image data); the emulsion films of bricks dismantled for analysis 
are shared among several laboratories in Europe and Japan. 
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2.3. The target tracker 
Each target wall is followed by pairs of 6.7×6.7 m2 planes of 256 horizontal and vertical scintillator 
strips composing the Target Tracker (TT). The primary role of the TT is to identify the brick in which the 
neutrino interaction occurs. The scintillating strips are read out on both sides through WLS fibers coupled 
to 64-channel Hamamatsu H7546 photomultipliers. The scintillator strips used in OPERA provide more 
than 5 photoelectrons for a m.i.p. track, with an efficiency of 99%. The position accuracy in track 
reconstruction is 10 mm, and the angular accuracy is 23 mrad. The target tracker, where decays of Ĳ 
particles cannot be distinguished, accounts for about 6% of the total target mass. 
2.4. The magnetic spectrometer 
The OPERA spectrometers are dipolar magnets operated at 1.52 T. Each arm of a magnet is made of 
12 iron slabs. Measurements of the bending due to the magnetic field are obtained from 6 drift tube 
stations, called HPT (High Precision Trackers). Such stations are placed by pairs in front, between the 
arms and behind the magnet. The momentum estimation error, defined as ǻp/p, does not exceed 20% 
below 50 GeV/c. The charge misidentification fraction is 1.2% between 2.5 and 45 GeV/c. 
Tracking inside the magnet arms is helped by bakelite RPC planes (11 per arm) interleaved with the 
iron slabs. The readout strip pitch is 2.6 cm. Such detectors, operated in streamer mode with about 96% 
efficiency, also allow energy estimation based on range, which is more reliable than magnetic field 
bending for soft muons, and is the only estimate available when muons stop in the iron. The total area 
covered is 3500 m2. 
3. Event location 
Typical neutrino events in the CNGS beam involve large regions of the OPERA detector, but the 
topological signature of the primary interactions is to be sought for only in a very small volume of the 
target ([8]). Fig. 3 shows the difference between events with a muon in the final state and those with no 
muons.  
 
  
 
 
 
 
 
Fig. 3 (left) A Ȟȝ CC event in OPERA. (right) A Ȟȝ NC event in OPERA. 
A dedicated program reconstructs the event tracks to predict the brick where the event occurred, 
assigning probabilities to the bricks surrounding the calculated point of the interaction. The most probable 
brick is extracted by a robot (BMS – Brick Manipulator System) and put in a shielded area in the 
underground laboratory; the CS doublet attached to it is developed and analyzed in the LNGS CS 
Scanning Station or in the Japanese Scanning Station searching for confirmation or disproval of the target 
tracker predictions. On negative result, a fresh CS doublet is attached to the brick, which is reinserted into 
the detector, and the next brick in a probability map is extracted to continue the search; on positive result, 
the brick is exposed to cosmic rays to produce patterns of alignment tracks for precision film-to-film 
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alignment, it is dismantled and its films are developed and sent to one of the emulsion scanning 
laboratories. The tracks found in the CS doublet are extrapolated to the most downstream film of the brick 
and followed upstream, film by film, adjusting their positions and slopes (multiple scattering is not 
negligible), with a following error of about 2 ȝm for particle momenta above 1 GeV/c, until the stopping 
point is found (“Scan-Back”). Vertex confirmation is obtained by taking data in a region in the brick, 5 
films upstream and 10 films downstream the stopping point, with 1 cm2 transverse area around it. The 
data collected are processed by a suitable geometry reconstruction software, and event study can begin. 
4. Measurements for event study 
Once the primary vertex is found, it is checked for topologies typical of production and decay of the Ĳ 
lepton.  
Fig. 4 (left) shows the distribution of IP (Impact Parameter) of tracks in the case of real and simulated 
NC and Ȟȝ CC events and for simulated ȞĲ CC events. The median of IP of muons from found Ȟȝ CC 
events is 2.3 ȝm. Such precision allows to unambiguously define the event topology, isolating possible 
secondary vertices of interaction/decay from the primary interaction.  
 
  
 
 
 
 
 
 
 
 
Fig. 4 (left) Impact parameters at the primary neutrino vertex. (right) Resolution on ʌ0 mass from energy measurement of EM 
showers. 
In events with no muons in the final state, a kink on a hadron track is topologically compatible both 
with Ĳ→h single-prong decay and with a hadron re-interaction in the target. However, the latter likely 
show nuclear fragments and evaporation tracks with strong ionization. These are emitted quasi-
isotropically from the interaction point, whereas tracks directly related to the primary interaction are 
emitted mostly forwardly. Fine-step optical tomographic sequences are acquired in the neighborhood of 
kink points to check for soft fragments and reduce the background to Ĳ-appearance topologies.  
For muons, the best determination of the momentum in OPERA is produced by the spectrometer. 
Hadrons usually interact in the target or in the spectrometer, so momentum must be determined from  
measurements before the interaction. The multiple Coulomb scattering of a particle in a brick can be used 
to estimate the momentum ([9]) by means of the Gaussian approximation to the Moliere distribution: the 
variation of the r.m.s. of the angular deviations of a track with respect to the flight length is fitted to 
extract the momentum. This technique yields ǻp/p = 22% below 8 GeV/c using the full length of a brick; 
the track length can be increased by extracting more bricks along the path of an interesting track.  
Electromagnetic showers are recognized in the brick by the spatial and angular correlation of tracks, 
and the energy is estimated by a neural network-based algorithm that uses the multiple Coulomb 
scattering of hard tracks in the shower, the number of tracks in each plate and the shower shape. Fig. 4 
(right) gives an example of the performance of the algorithm on the estimation of the ʌ0 mass.  
 Cristiano Bozza /  Physics Procedia  37 ( 2012 )  1156 – 1163 1161
The hits in the electronic detector can be used to provide an estimate of the visible energy. In the case 
of events with a muon in the final state, this information is completed with the spectrometer measurement 
of the muon momentum (hard muons are not contained in the detector). Fig 5 shows the energy resolution 
as a function of the energy and the distribution of momentum times charge of muons as measured in the 
spectrometers compared to Monte-Carlo expectations. 
 
 
 
 
 
 
 
 
 
Fig 5. (left) Resolution on the total visible energy. (right) Momentum  × charge of muons measured in spectrometers (data vs. MC). 
5. Analysis of interesting events combining OPERA subdetectors 
Most neutrino events are classified as Ȟȝ CC/NC interactions already using the overall event shape and 
the topological information from emulsion films in the target region. This section shows how detailed 
information about non-trivial events is extracted using the various parts of the OPERA detector.   
5.1. Study of the first Ĳ candidate observed in the OPERA experiment 
 
 
 
 
 
 
 
 
Fig 6. Display of the first Ĳ candidate event observed in OPERA in the electronic detectors (left) and in the vertex region (right). The 
Ĳ candidate track is shown in red, and one of the two showers is visible near the secondary vertex; another photon converts farther 
from the Ĳ decay point. 
Event 9234119599, recorded on August 22nd 2009 was described in detail in [10]. It appeared in the 
OPERA target tracker as an interaction with a visible energy of 44±12 GeV, no muons in the final state 
and several charged particles produced in the primary interaction. Fig. 6 shows the electronic detector 
display and a close-up in the vertex region (emulsion films interleaved with Pb plates). The corresponding 
brick was extracted and its CS doublet was analyzed; several tracks were found and used as hints for 
event location in the brick. During the Scan-back procedure, one of the tracks stopped one plate before 
arriving at the vertex point (where all other tracks converged). Data-taking in a full volume surrounding 
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the vertex point confirmed that the primary neutrino interaction vertex showed a “kink” topology. While 
all the tracks attached to the primary vertex had an IP below 7 ȝm, the IP of the daughter track to the 
primary vertex was measured to be 55±4 ȝm, clearly out of the distribution expected for primary 
particles: the momentum of the particle was estimated by measurement of multiple Coulomb scattering in 
emulsion to be 12+6
-3  GeV/c (the OPERA Proposal [2] requires p > 2 GeV/c for Ĳ candidates). The kink 
angle was measured to be 41±2 mrad (exceeding the OPERA Proposal cut of 20 mrad). The flight length 
of 1335±35 ȝm satisfied the Proposal requirement of a 2600 ȝm bound, suggesting a Ȗ factor about 15, 
compatible in order of magnitude with the guess of 25 from the kink angle. Detailed study of the kink 
region with fine-step sampling of the emulsion showed no sign of low-energy nuclear fragments; the 
exclusion of a “white” hadron interaction mimicking a Ĳ decay topology is completed by the decay pt = 
620+310
-155  MeV/c, exceeding the 300 MeV/c bound from the OPERA Proposal at 90% CL (such bound 
applies when one or more photons are attached to the decay vertex, otherwise it is 600 MeV/c). Two 
electromagnetic showers were found, pointing to the secondary vertex, with energies estimated to be 
5.6±1.0±1.7 GeV and 1.2±0.4±0.4 GeV. No track crossed the spectrometer, so no hard muons were 
detected; to exclude the presence of soft muons at 0.1% level all tracks produced at the primary vertex 
were followed to their endpoint and range-momentum compatibility checks were used; target tracker hits 
allowed following tracks from one wall to another. Also, none of the tracks at the primary vertex was 
compatible with an electron. The sum of the moduli of all hadron tracks at the primary vertex was found 
24.3+6.1
-3.2  GeV/c, compatible with the total visible energy (neutrals are not detected in emulsion). The 
missing pt at the primary vertex was 500
+300
-160  MeV/c, satisfying the bound of 1 GeV/c prescribed by the 
OPERA proposal for ȞĲ CC interactions. The angle in the ȞĲ reference frame between the Ĳ lepton track 
and the hadron current was measured to be 173°±2°, exceeding the Proposal cut of 90°, and close to the 
favored value of 180°. Thus, the kinematical measurements of the interaction products passed all the cuts, 
and the event is a Ĳ candidate according to the OPERA Proposal. It is possible to push the analysis further 
to get a better understanding of the event: by computing the invariant mass of the two photons emitted at 
the decay vertex, one finds 120±20±35 MeV/c2, compatible with the ʌ0 mass; this can then be combined 
with the charged hadron from the decay, assumed to be a ʌ−, to find an invariant mass of 640+125
-80  
+100
-90  
MeV/c2, suggesting that a ȡ(770) was formed in the Ĳ decay. The favored interpretation of the event is 
Ĳ−→ ȞĲ ȡ− (770); ȡ− (770) → ʌ−ʌ0.  
5.2. Example of study of charm candidates observed in the OPERA experiment 
Fig. 7 (left) Charm candidate with kink topology. (right) Charm candidate with “Vee” topology 
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Several events studied in OPERA are identified as charm production and decay. Fig. 7 shows a kink 
topology with two muons and a “Vee”, both involving charmed hadrons. In the former case, the primary 
muon (negative charge assigned by the spectrometer) is found attached to the primary vertex; the kinking 
track is also tagged as a muon in the spectrometer with 2.2 GeV/c momentum, but the charge sign is 
positive; the flight length (1330 ȝm) and the decay pt (460 MeV/c) are compatible with (leptonic or semi-
leptonic) charged charm decay. In the latter case, the muon is found attached to the primary vertex, so the 
interaction is Ȟȝ CC, but three tracks seen in the target tracker and in the CS doublet are missing; indeed, 
one of the particles produced at the primary vertex re-interacts with a Pb plate 1640 ȝm after its 
production, and the daughter matches one of the track candidates seen in the CS doublet; two more tracks 
emerge from a neutral particle decay, 361 ȝm away from the primary vertex; the momenta of the two 
tracks (matching the CS doublet candidates and target tracker hits) are used to compute a minimum 
invariant mass of 1.56 GeV/c2, suggesting a D0 decay. 
6. Conclusions 
The discussion and the examples shown prove that the hybrid detector setup used in OPERA is able to 
detect and reconstruct the production and decay of Ĳ leptons and of charmed particles, whose lifetimes are 
similar. By proper control of the background, and detailed analysis of every single Ĳ candidate, it is 
possible to reach a statistical significance high enough to claim a discovery even before the full data set 
becomes available. At the beginning of June 2011, about 3×103  neutrino interactions had been already 
searched for decays, and 1 Ĳ candidate had been found. 
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